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Introduction. 

The  synchronous  converter  is  a  type  of   machine  developod  out 
of  the  necessity  of  a  connecting  link  between  alternating  and  dir- 
ect current  working.     As  such,  it  is  of  special  importance  in  many 
of  the  problems    connected  with  the  utilization  of  electrically 
transmitted  energy.  It  affords  a  fitting  subject  for  theoret- 

ical and  practical  investigation,  presenting  certain  features  not 
found  in  any  other  apparatus  used  for  the  convertion  of  electrical 
energy."     The  field  here  opened  for  research  is  a  wide  one.  It 
was  found  quite  impossible  to  do  the  subject  full  justice  in  the 
limited  time  available  for  a  thesis  investigation. 

The  actions  and  reactions  taking  place  within  the  armature 
would  naturally  receive  first  consideration,  and  these  may  be  di- 
vided into  armature  heating,     armature  reaction,  pumping,  etc. 
The  first  item  has  been  thoroughly  investigated  mathematically,  but 
little  or  no    data  of  practical  determinations  is  accessable.  To 
what  extent  theoretical  and  practical  determinations  would  differ 
from  each  other  in  any  given  machine|s,  of  course,  a  matter  of 
speculation,  but  they  ought,  however,  to  agree  quite  satisfactorily. 
The  rating  of  the  capacity  of  the  machine  as  a  converter  depends 
upon  the  heating  of  the  armature.     It  is,  therefore,  of  some  prac- 
tical importance  to    determine  the  heating  effect  as  compared  with 
a  simple  generator  of  the  same  capacity. 

Reference, -E.  W.  &.  E.  , vol. 31,  Jan.  1 ,  Feb. 12 , 1893.   Woodbridge  &  Child 


The  subject  of  armature  reaction  has  also  "been  more  or  less 

a. 

investigated.  Technical  publications  contain  a  number  of  excel 
lent  articles  explaining  the  actions  which  take  place  within  the 
armature,  and  their  effect  upon  the  regulation  of  the  machine. 

The  most  serious  difficulty  in  the  operation  of  the  machin 
as  a  converter  is  the  inherent  tendency  to  hunt  or  pump,  as  it  i 
called.     Ey  this  is  meant,  the  periodical  cl-iange  in  the  current 
flowing  into  the  armature  from  the  alternating  current  side,  oc- 
curing  simultaneously  with  a  change  in  the  angular  velocity  of 
the  armature.     Scores  of  remedies  for  pumping  have  been  tried.; 
a  few  of  them  only,  haise  met  with  any  degree  of  success.     To  det 
ermine  more  completely  the  factors  upon  which  pumping  depends, 
furnishes  in  itself,  a  subject  worthy  of  extended  investigation. 

To  obtain  experience  in  operating,  and  testing  synchronous 
converters,  and  incidentally  to  throw  some  light  upon  the  many 
phases  of  the  subject  has  been  the  aim  of  the  authors, 
a.  -  American  Electrician,  vol.  9, p.  40 ,  Feb.  1 36. E.  J.  Berg. 

London  Electrician, 13  Nov.  ,1898. ,  S.  P.  Thompson. 

E.W.  ,  vol.  32, p.  654.17  Dec.  ,24  Dec.  1393 .  , C.  P.  Steinmetz. 

A. I. E. E.  , vol . 14 ,  18 97 .  Owens ,  Hawksworth , and  Dubrava. 


Chapter  I. 

MECHANICAL  AND  ELECTRICAL  DATA  OF  THE  SYNCHRONOUS  CONVERTER. 

-  Hie  synchronous  converter  used  for  this  thesis  investigation 
was  made  by  the  General  Electric  Co.    in  1899,  and  is  rated  at  7  1/2 
,  K.  17.       The  maker's  number  of  the  machine  is  19987,  Type  ACS  , 
Form  A,  Class  A, -7  1/2  -  1800.        Another  converter  identical  with 

this  one  was  also  used  for  auxiliary  service,  such  as  inverted  con- 
verter, phase  changer,  generator , etc. . 

The  alternating  current  side  is  supplied  with  six  slip  rings 
enabling  the  converter  to  be  used  as  a  single,  two,  or  three  phase 
!  machine.       The  fields'  are  shunt  wound.     A  sectional  drawing  through 
poles  and  armature  is  given  in  Plate  9. 

The  following  data  relates  to  the  converter: - 


No.   of  poles  4. 

Width  of  pole  face  parallel  to  armature  shaft  5 ' ' . 

Width  of  pole  face  perpendicular  to  armature  shaft — 5  3/lG". 

|  Distance  between  pole  tips  P.  1/4". 

I  Normal  R.  P.  II.    1800. 

Active  length  of  armature  6.1/2". 

Number  of  slots  in  armature  48. 

Number  of  conductors  per  slot  12. 

Length  of  single  air  gap   l/S" . . 

Number  of  commutator  segments  96. 

Diameter  of  commutator  6B« 

Width  of  commutator  3  1/4". 

Width  of  each  segment  at  face  21/128". 

Width  of  insulation  at  face  1 /?.?". . 

i    Number  of  brush  holders   4. 


Number  of  brushes  per  holder  3. 

Width  of  each  brush  5/8" . 

Area  of  contact    of  each  brush — l/2  sq. 

Kind  of  brushes    Carbon. 

Number  of  slip  rings  6. 

Diameter  of  slip  rings  4  15/16". 

ffldth  of  slip  rings  11/16". 

Width  of  brushes -5/8". 

Number  of  brushes  per  slip  ring  2. 

Kind  of  brushes   Copper. 

Diameter  of  shaft:  1  1/4". 

Length  between  centers  of  bearings  39  l/2n  • 

Length  of  bearings  7". 

Voltage,  alternating  current  side  110. 

Cycles  per  second  60. 

Resistance  of  armature 

Resistance  of  fields  48  ohms. 


Chapter  2. 

OPERATION  OF  CONVERTER  "AS  SINGLE  PHASE  SYNCHRONOUS  MOTOR. 
The  synchronous  converter  can  be  operated  as    a  single  phase 
synchronous  motor    by  supplying  to  slip  rings  1  and  4,  or  2  and  6, 
ingle  phase  alternating  current  when  the  machine  has  been  brought 

up  to  synchronism. 

After  being  wired  as  shown  in  Plate  1    ,     the  field  was  excited 
from  the  Weston  dynamo,     and  the  direct  current  side  of  the  converter 
armature  thrown  across  the  terminals  of  the  Weston,     and  in  series 
with  a  rater  rheostat.       This  operated  the  machine  as    a  direct  cur. 
rent  shunt  motor.     The  approach  to  synchronism  is  indicated  by  the 
220  volt  lamp.     This  may  be  replaced  by  two  110  volt  lamps,  one  takfa 
ing  the  place  of  the  '  fuse  shown  in  the  diagram.   As  the  machine  ap- 
proaches synchronism,  the  beats  of  the  lamp  become  less  frequent. 
When  the  beats  are  very  slow,  the  alternating  current  switch  may  be 
closed,    while  the  lamp  is  dark,  and  the  direct  current  switch  op- 
ened.      The  machine,  will  then  run  in  synchronism  with  the  generator 
supplying  the  alternating  current. 

The  other  converter  was  belted  to  the  motor,  operating  as  a  dir- 
ect current  generator,  delivering  current  to  incandescent  lamps.  In 
this  way,  a  range  of  constant  loads  under  different  conditions  could 
be  secured.     A  set  of  observations  were  taken,  giving  the  impressed 
voltage,. armature  current,  true  watts  input,  field  current,  direct 
current  load,  and  pumping  effects,  as  shown  by  the  swing  of  the  am- 
meter needle.     These  observations,  designated  as  series  A,     are  gi- 
ven in  Table  1 

Referring  to  Plate  1    ,  A  represents  an  ammeter,  V,  a  voltmeter, 
W,  a  wattmeter,  and  R,  a  rheostat.     This  nomenclature  is  adhered  to 


throughout  the  diagrams. 

In  securing  the  data  given  in  series  A,  the  field  current 
was  kept  constant  through  a  series  of  lamp  loads  on  the  direct  cur- 
rent generator,  and  readings  taken,  as  above  stated,  the  loads  con- 
'  sisted  of  increments  of  ten  lamps  each.  The  current  supplied  to  the 
ii  motor  was  limited  to  about  50  amperes,  so  that  with  a  low  power  fac- 
tor,  full  load  could  not  be  realized.  Marked  pumping  prevented  read- 
ings being  taken  at  full  load  with  a  good  power  factor.  As  a  result 
the  maximum  input  was  about  4  1/2  K.  W. . 

The  only  difficulty  met  with  in  operating  the  converter  was 
the  pumping.         It  was  easily  synchronized,  and  showed  no  tendency 
to  fall  out  of  step  with  the  loads  used. 

From  the  data  obtained,  the  apparent  watts,  power  factor,  in- 
ductance factor,  and  idle  watts  are  calculated.     The  idle  watts  for 

constant  true  watts  input  were  obtained  graphically,  as  explained  in 

■ 

Chapter   3  . 

The  so-called  "no-displacement" curve  received  first  considera- 
tion.    This  curve  indicates  the  value  of  the  field  current  necessary 
for  unity  power  factor  at  any  input.     To  obtain  it,  apparent  watts 
are  plotted  on    a  field  current  base, Fig.  1    ,  and  the  resulting 
i  points,  corresponding  to  any  single  value  of  the  load,  connected  by 
a  curve.  .  This  gives  a  nest  of  curves,  whose  number  equals  the  num- 
ber of  loads  in  the  series.   If  the  minimum  points  of  each  of  these 
curves    be  connected,  the  result  will    be  the  no-displacement  curve. 
#      '.'   c  / 

For  further  details  of  pumping,  see  Chapter  3  • 


Ordinarily,  it  is  customary  to  plot  this  nest  of  curves  between  am- 
peres input,  and  field  excitation.     As  the  impressed  voltage  was 
not  kept  constant,  it  is  necessary  to  substitute  apparent  watts  for 
amperes.       Referring  to  Fig.  3    ,  it  will  be  seen  Chat  the  field  ex- 
citation for  unity  power  factor,  decreases  as  the  load  goes  on.  The 
curves  plotted  with  no  load,  and  light  loads  are  very  nearly  V- 
shaped,  being  decidedly  pointed  where  the  apparent  watts  change  from 
decreasing  to  increasing.        As  the  loads  increase,  the  curves  be- 
come flatter,  and  at  full  load,  they  are  only  slightly  convex  to  the 
axis  of  X.     This  shows  that  at  full  load,  a  good  power  factor  is 
maintained  with  a  wide  range  of  field  current.     At  light  loads,  good 
power  factor  can  onl*  be  secured  with  a  particular  field  current, 
and  the  power  factor  rapidly  becomes  worse    as  the  field  current  is 
changed  in  value  either  way.       The  cause  of  the  flattening  out  of 
the  apparent  watts  curves,  is  the  increased  inductance  of  the  arma- 
ture   as  the  load  increases. 

A  nest  of  curves  of  true  watts  input,  on  field  excitation 
base, Fig.  1   ,    gives  straight  lines,  as  shown.       These  curves,  sup- 
erimposed upon  the  corresponding  curves  of  apparent  watts,  Fig.  1  , 
show  interesting  results.        The  curves  representing  true  and  appar- 
ent watts  for  any  given  load,  become  tangent  at  some  point,  this 
point  being  where  the  true  and  apparent  watts  are  equal,  and  the 
power  factor  unity.  This  point  of  tangency  lies  upon  the  no-dis- 

placement curve.     in  this  way,  the  m  displacement  curve  may  be  lo- 
cated with  greater    certainty  than  otherwise  possible.       The  true 
watts  curves  for  series  A  are  not  so  regular  as  those  obtained  from 
the  other  series ,B ,C ,D, and  E. 


Fig.?  shows  a  set  of  curves  of  apparent  watts,  on  true  watts 
base.       The  values  for  these  curves  are  obtained  from  Fig.l.  From 
this  new  set  of  curves,  a  nest  of  true  and  apparent  watts  curves, 
plotted  of  field  current  base , Fig. 3 ,  are  obtained.       The  true  watts 
curves  are  now  horizontal  straight  lines,  as  the  apparent  watts 
and  field  current  were  obtained  for  constant  true  watts  input. 

The  curves, Fig.  5     ,  show  how  the  idle  watts  vary  with  the  in- 
put.      The  idle  watts  may  be  found  in  any  case,  by  multiplying  the 
apparent  watts  by  the  inductance  factor,    which  is  the  sins  of  the 
angle  of  phase-displacement  between  the  E.  I.I.  F.   and  the  current. 
The  true  watts  are  given  by  the  product  of  the  apparent  watts  and 
the  cosine  of  the  same  angle,  which  is  the  power  factor.     As  the 
true  and  apparent  watts  were  observed,  the  inductance  factor  and 
power  factor  were  calculated  from  them.       In  this  cane,  however,  for 
the  curves,  the  idle  watts  were  found    by  the  graphical  method  from 
Fig. 2  ,  as  it  was  desired  to  obtain  the  idle  watts  for  constant  true 
watts  input. 

With  a  lagging  current  and  weak  field,     the  idle  watts  decrease 
with  the  load  upon  the  motor.     With  a  leading  current,  the  idle  watts 
increase  with  'the  load.       This  is  to  be  expected  from  the  curves, 
Fig. 3      ,  which  show  that  if  the  fields  are  under-excited,  an  iner •- 
crease  in  load  will  improve  the  power  factor,  while  if  over  excit- 
ed, an  increase  in  load  will  make  the  power  factor  worse. 

The  lower  nest  of  curves, Fig.     5,     show  how  the  idle  watts  vary 
with  the  field  excitation  for  any  given  input.       These  curves  are 
obtained  from  Fig.   2,    by  the  graphical  method  already  referred  to. 
The  curves  must  pass  through  zero  for  some  value  of  the 
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field  current  which  makes  the  power  factor  unity  at  that  particular 
load.       As  the  load  is  increased,  this  value  progresses  steadily  to- 
wards the  axis  of  Y,  which  is  to  be  expected  from  an  examination  of 
the  no-displacement  curve,Fig.  3  .     For  light  loads,   the  idle  watts 
curves  have  a  very  sharp  bend  when  passing  through  zero,  while  at 
heavy  loads,  this  part  of  the  curve  is  very  much  more  rounded.  This 
again  shows  that    a  good  power  factor  can  not  be  obtained  for  light 
loads    except  by  careful  adjustment  of  the  field  current.       For  in- 
creased loads,  good  power  factors  can  be  obtained  with  quite  a  var- 
iation of  the  field  current. 

The  curves  in  Fig.  4     show  how  the  power  factor  varies  with 
different  conditions  of  field  current  and  true  watts  input.  The 
ipper  set  of  curves  show  that,  for  an  excitation  of  1.50  amperes,  a 
power  factor  of  nearly  unity  is  maintained    through  a  variation  of 
Load  of  2K.W. .     Any  other  value  of  the  field  current  gives  a  less 
constant  power  factor.       As  the  load  goes  on,   the  power  factor  in 
general  improves.     This  is  always  true  when  the  fields  are  either 

onsiderably  under  or  over-excited.     Any  value  of  the  field  current 
crossed  b£  the  no-displacement  curve  will  give  an  increasing  power 
factor  up  to  a  value  of  the  load  which  produces  unity  power  factor, 
and  then  decreases  as  the  load  is  further  increased. 

The  lower  nest  of  curvesFig.  4    ,  show  that  for  light  loads  a 
good  power  factor    is  obtained  only  by  careful  adjustment    of  the 
field  current,  while  for  large  loads  a  good  power  factor  is  main- 
tained   for  a  wider  range  of  field  current.       The  power  factor  curves 
were  obtained  from  Fig.  S     by  the  graphical  method. 

Curves  showing  the  variation  of  the  voltage  at  the  motor  term- 


n 

minals,  on  field  current  base  are  shown  in  Fig.   6    ,        Two  curves 
are  plotted, one  with  the  motor  driving  the  generator  on  open  circuit, 
and  one,  driving  the  generator  loaded.       Both  have  the  same  general 
I  direction,  but  the  voltage  is  higher  for  the  lighter  load.     This  is 
due  principally  to  the  ohmic  drop  in  the  line  and  the  regulation  of 
the  transformer.     The  voltage  incrrases  rapidly  with  increasing  field 
current.     A  variation  of  fifteen  volts  is  obtained  by  varying  the 
field  from  .35  to  2.15  amperes. 

The  variation  of the  volts  with  true  watts  input  is  shown  in 
Pig.  7    .       As  the  load  increases  the  voltage  decreases.   A  decrease 
of  about  nine  volts  occurs  with  a  change  of  load  from  0  to  4000 
watts. 

No  determinations  of  the  efficiency    of  the  converter,  operated 
as  a  synchronous  motor  have  been  made. 


Chapter  III.  i 

OPERATION  OF  THE  MACHINE  AS  A  SINGLE  PHASE  SYNCHRONOUS  CONVERTER. 
The  connections  as  used  in  this  test,  for  the  alternating 
current  side  of  the  converter,  were  the  same  as  in  the  single- 
phase  synchronous  motor  test,  previously  describee?.       The  sixty  cy- 
cle alternating  current  was  supplied    from  the  plant  through  a  10 
K.W. ,  "Uof  I.   Thesis"  transformer,  so  connected  that  it  gave  a  volt- 
age ratio  of  440:110.     While  the  A.  C.   impressed  volts  were  normal 
110,  they  were  of  course  varied  through  quite  a  wide  range  by  chan- 
ges in  the  field  excitation.     Current  was  taken  from  the  direct  cur- 
rent side  of  the  converter,  and  sent  through  a  water  resistance , by 
which  the  load  was  varied  as  desired. 

Much  trouble  was  experienced  by  pumping,     which  was  more  marked 
on  some  days  than  others,  a  fact  unaccounted  for.     After  various  at- 
tempts to  reduce  the  pumping,  it  was  found  that  the  best  results 
were  obtained  by  separately  exciting  the  converter,  and  the  dynamo 
known  as  the  u' of  I  Thesis  dynamo  was  used  for  $his  purpose. 

Readings  were  taken  as  shown  in  table  2  .     The  v-shaped 
curves,  Fig.    8    ,  of  apparent  watts  on  field-excitation  base,  were 
plotted    from  readings  taken  with  various  direct  cutrent  loads  on 
the  converter,  the  external  circuit  amperes  for  each  curve  being 
kept  constant  while  the  field  current  was  varied.       These  readings 
were  also  used  for  the  curves    of  true  watts  input,  volts,  voltage 
ratios,  and  efficiencies,  all  on  field  excitation  base.  Ho  readings 
were  taken  with  constant  field  excitation,  and  varying  external  load 
A  set  of  data,  corresponding  to  these  conditions  was  therefore  com- 
piled from  the  curves, Fig.  8  ,  of    true  and  apparent  watts  on  field 
excitation  base.   
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These  values  were  then  used  in  determining    the  proper  values  ef  the 
power  factor,  and  idle  watts,  plotted  on    a  load  base. 

The  apparent  and  true  watts  curves, Fig-  3   ,  plotted  on  a  field 
current  base,  show  excellent  results,  a  somewhat  surprising  feature, 
in  view  of  the  difficulty  in  taking  readings  during  marked  pumping. 
The  curves  of  apparent  watts, Pig.    8    ,  are  very  similar  to  the  same 
set,  for  the  single  phase  synchronous  motor,  although  the  points  of 

no-displacement  are  quite  differently  located.  The  true  watts  curves 
Fig.    8  ,    are  regular,  and  exhibit  a  well-defined  law  of  increase 
along  a  straight  lime,  as  the  field  excitation  is  increased.  For 
each  value  of  the  0.0.  amperes,  the  true  watts  input  increases  with 
the  field  excitation,  the  curves, Fig.    8  ,  being  practically  straight 
lines.      The  increase  in  true  watts  is  larger    for  large  values  of 
the  B.C.  amperes  than  for  lower  values,  although  the  percentage  in- 
crease ,Fig.l3    ,  is  least  for  an  intermediate  value.        Fig.  13  , 
shows    the  percentage  increase  in  true  watts,  caused  by  increasing 
the  field  excitation  from  0.85  to  2.25  amperes.     The  highest  percent 
noted  is  38*.  and  the  lowest  29.5.     This  is  due,  in  large  part,  to 
the  fact  that,  while  the  0.0.   amperes  were  kept  constant,  the  B.C. 
watts  output  was  increased  as  the  field  was  strengthened,  she™  in 
Fig.  17.  This  was  due  to  the  rise  in  0.0.  voltage.  On  combining  on 
the  same  base,     the  true  and  apparent  watts  curves,  to  the  same  scal| 
as  before,  we  get  a  set  of  points  where  the  true  and  apparent  watts 
are  equal,  shown  by  the  tangency  of  the  curves,Fig.  8    .  These 
points  determine  the  so-called  curve  of  no-displacement,  which,  as 
in  the  case  of  the  single-phase  synchronous  motor  appears  to  be  a 
straight  line.   In  this  case  however, the  no-displacement  curve  is  at 
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a  greater  angle  With  the  axis  of  x,  than  in  the  case  of  the  syn- 
chronous motor.     The  field  excitation  to  give  unity  power  factor 
with  five  thousand  apparent  watts  is  1.16  amperes.     Running  light, 
with  no  external  D.  C.   amperes  load,  the  true  and  apparent  watts  in- 
put are  55C,  with  unity  power  factor,  about  1.70  amperes  field  be- 
ing required  to  attain  this  condition.   This  greater  inclination  of 
the  no-didplacement  curve  seems  to  indicate  a  greater  armature  re- 
action for  the  single  phase  synchronous  converter  than  the  single 
phase  synchronous  motor. 

Since  this  set  of  curves, Fig.  8    >  c?-°es  not  represent  the  true 
state  of  affairs  for  either  a  constant  D.  C.    output  in  watts,  or  for 
a  constant  A.  C.    input  in  true  watts,  it  is  desirable  to  construct  a 
similar  set  of  curves,  where  either  the  output,  or  input,  in  true 
watts  is  constant.     With  the  data  at  hand,  they  could  not  be  con- 
structed for  a  constant  D.  C.   load,  and  have  therefore  been  plotted 
for  a  constant'  input  in  true  watts.     To  do  this,  it  was  neccesary  to 
take      values  from  the  curves, Fig.  8   ,  of true  and  apparent  watts, on 
field  excitation  base,  selecting  the  following  values  for  field  ex- 
citations.:-. 05 ,1-15,1. 35, 1.55, 1.75,  and  2.05  amperes.       These  val- 
ues are  plotted  in  Fig.  9    ,  giving  a  curve  between  true  and  appar- 
ent watts  for  each  of  the  various  values  of  the  field  excitation. 
From  this  set,  the  group  shown  in  Fig.  10  Was  constructed,  giving  the 

curves  of  apparent  watts  on  field  excitation  base.   These  are  found 
by  taking  values  of  500, 1000, 2000, 3000, and  4000  true  watts  and 
and  reading  from  the  curves  in  Fig.  9  the  values  of  the  apparent 
watts  for  the  various  field  excitations.       The  true  wa$ts,  being 
constant  in  each  case,  are  also  shown  as  straight  horizontal  lines. 
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The  no-displacement  curve    for  the  single  phase  synchronous  con- 
verter, as  shown  in  Fig.10  ,  agrees  quite  closely  with  that  shown  in 
Fig.  S    ,    "but  is  slightly  less  inclined  to  the  axis  of  x,  due  to  the 
shifting  of  all  the  curves    when  based  upon  constant  A.  C.    true  watts 
instead  of  constant  D.  C.   amperes.     On  account  of  the  close  agree- 
ment of  Fig.  3    ,  and  Fig.10    ,     the  former  has  been  used  in  place  of 
the  latter  which  is  more  nearly  correct  theoretically. 

Curves  of  idle  watts  on  field  current  base,  have  been  con- 
strue ted, Fig.14    ,  based  upon  Fig.  9    ,  for  1000 , COCO , 5000 , and  4000 
true  watts  input.     The  graphical  construction  is  shown  in  Fig.    9  , 
for  4000  true  watts  input,  and  a  field  excitation  of  1.7c  amperes. 
OA  represents  the  true  watts  and  DP  the  apparent.   Taking  A  as  a  cen- 
ter,  and  AE  as  a  radius,  strike  the  arc  EC.       The  triangle  CAC  now 
gives  the  idle  watts  CC,  at  right  angles  to  the  true  watts,  and  the 
ratios  of  the  two  sides  give  the  sine  and  cosine  of  the  lag  angle, 
0AC,  these  being  respectively  the  inductance  factor  and  the  power 
factor.     The  value  of  the  idle  watts  thus  found  are  seen  to  decrease 
to  zero  in  each  case,  as  the  field  is  strengthened,  after  which  they 
rise  again.   The  zero  point  of  each  curve, Fig.  14    ,  is  seen    to  be  at 
a  less  field  excitation,  as  the  load,  is  increased,  this  being  due  to 
the  fact  that  the  no-  displacement  curve  slants  toward  the  axis  of  y. 
In  this  connection  it  might  be  well  to  state  that  the  term  "Idle 
watts",  as  applied  commercially     to  the  value  of  the  true  watts  in- 
put, when  there  is  no  output,  is  a  misnomer,  and  does  not  refer  to 
the  idle  watts,  as  plotted  above. 

The  power  factor  curves,  Fig. 11   ,  based  on  data  taken  from 

Fig.  9        and  tabulated  in  Table   3  ,     are  shown  for  several  fields. 


For  a  field  of  1.75  amperes,  since  the  machine  is  least  over- 
excited at  no  load,  the  power  factor  is  a  maximum  at  that  point  and 
drops  off  as  the  load  goes  on.       The  same  holds  true  for  1.60  field, 
the  first  two  values  being  high,  and  nearly  equal,     as  the  true  and 
apparent  watts  curves  are  nearly  coincident  at  these  points.  For 
1.45  field,     the  power  factor  increases  to  unity  at  2450  watts,  at 
which  point  the  no-displacement  line  is  crossed,  giving  leading  cur- 
rents, and  a  decreasing  power  factor.   Below  2450  watts,  the  machine 
is  under-excited  and  the  current  lags.  With  1.15  and  1.55  amp- 

eres field  the  power  factor  increases  with  the  load,  reaching  unity 
in  both  cases,    hut  later  for  1.15  amp.  ,  as  the  no-displacement  curve 
is  not  reached  so  soon.     Neither  curve  drops  off  from  unity,  as  for 
heavy  loads  the  true  and  apparent  watts  curves  practically  coincide 

i  for  quite  a  range  of  field  excitation.     This     is  due  to  the  flatten- 
ing of  the  apparent  watts  curves  as  high  loads,  since  the  inductance 

I  of  the  armature  is  increased.       The  power  factor  curves  were  plotted 
on  apparent  watts  base,  in  order  to  better  compare  them  with  the  no- 

I  displacement  curve. 

Fig.18  shows  the  increase  of  D.  G.  volts  with  field  excitation. 
This  is  due  both  to  an  increase  in  the  impressed  A.  C.  volts,  caused  bj 
leading  currents  at  high  field  excitations,     and  to  a  decrease  of  the 

j  ratio  of  A.  C.    volts  to  D.  C.  volts  as  the  field  is  increased.  The 
range  of  voltage  is  as  shown,  quite  high,  varying  from  124  to  17  6. 

Fig.  1°    shows  the  variation  of  the  ratio  of  A.  C.  volts  to  D.  C. 
volts,  both  with  field  excitation,  and.  with  load.    It  is  seen  to  be 
nearly  independant  of  the  load,     and  to  decrease  considerably  with 
strong  fields.     The  curves  of  idle  watts,  using  data  in  Table    3  , 
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are  shown  in  Pig.  13,  plotted  on  a  true  watts  base.     For  1.75  and  1.60 
amperes  field  current,  they  increase  with  the  load,  since  the  machine 
is  more  over-excited    at  large  loads  than  small,  as  shown  by  the  no- 
displacement  curve.     With  1.45  amperes  field,     the  idle  watte  de-  . 
crease  at  the  current  and  1.  M.  F.    come  more  nearly  in  phase,  until 
the  no-displacement  curve  is  reached,  "being  zero  at  this  point. 
They  then  rise  as  the  machine  is  over-excited,  giving  leading  cur- 
rents.    For  field  currents  of  1,15  and  1.35  amperes,  the  idle  watts 
decrease  with  the  load,  as  the  maximum  phase  displacement  with  these 
values  of  the  field  is  at  no  load.     By  utilizing  these  curves,  it  is 
readily  seen  how  the  idle  watts  due  to  a  lagging  current,  caused 
by  a  synchronous  or  induction  motor,  may  be  balanced  by  the  idle 
watts  due  to  a  leading  current  of  an  over-excited    synchronous  con- 
verter. 

Curves  showing  the  variation  of  the  real  and  apparent  effi- 
ciency, on  field  excitation  base,  are  shown  in  Fig.  16  .     The  appar- 
ent efficiency  curves  show  the  existance  of  a  line  of  maximum  appa- 
rent efficiency,  which  by  its  inclination  to  the  axis  of  x,  indi- 
cates   that  to  secure  maximum  apparent  efficiency,  a  weaker  field  is 
necessary  for  large  loads  than  for  smaller  ones.       The  real  effi- 
ciency  is  not  so  greatly  influenced  by  the  field  current,  and  the 
maximum. real  efficiency  does  not  occur  at  the  same  point    that  the 
apparent  efficiency  is  a  maximum. 

Another  set  of  idle  watts  curves ,Fig.l4  ,  on  a  true  watts  input  base 
have  been  plotted,  using  the  values  obtained  from  Fig.  9  by  the 
graphical  method  already  described.     While  they  exhibit  the  same 
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general  feature  as  the  idle  watts  curves , Fig. 13  ,  they  are  more  reg- 
ular   on  account  of    their  being  based  upon  values  of  the  apparent 
watts,  for  a  constant  true  watts  input,  in  each  case,  instead  of 
constant  D.  C.   amperes  output  as  a  basis. 

A  set  of  power  factor  curves,  upon  true  watts  input  base,  and  a 
set  onffield  current  base  are  shown  in  Fig.  12  .     Those  upon  the  true 
watts  base  show,   in  a  manner  similar  to  that  of  the  set, Fig.  11   ,  on 
apparent  watts  base,  how  the  power  factor  is  influenced    by  the  load 
for  different  values  of  the  field  current.       The  upper  set, Fig. 12  , 
on  field  current  base,  show  how,  as  the  load  increases,  unity  power 
factor  is  given  by  a  lower  value  of  the  field  excitation,  which  cor- 
responds to  the  crossing  of  the  no-displacement  curve  for  each  par- 
ticular value  of  the  load.       For  SCO  true  watts  input,  the  lagging 
part  of  the  curve  is  convex  to  the  axis  of  X,  the  power  factor  in- 
creasing very  rapidly  with  the  field  excitation,  until  the  value  of 
unity  is  reached.,  after  which  it  falls  off  again  very  rapidly.  This 
rather  peculiar  curve  is  due     to  the  comparatively  low  inductive  drop 
in  the  armature  at  this  load,  which  causes  the  apparent  watts  to  be 
more  greatly  influenced  by  changes  of  the  field,  than  at    higher  laod 
values,  for  which  the  inductive  drop  in  the  armature  is  increased. 

This. point  has  an  important  bearing  on  the  design  of  a  converter 
or  synchronous  motor.     High  armature  inductance  has  the  effect  of  giv- 
ing a  fairly  good  power  factor  for  wide  ranges  of  the  load.     On  the 
other  hand,  hirh  armature  inductance  is  conducive  to  pumping,  which 
is  likely  to  be  troublesome  in  some  cases,  particularly  in  single- 
phase  working.       It  would  seem,  therefore,   that  a  moderate  inductance 
in  the  armature  would  produce  the  best  results. 


Chapter  IV.  16 

OPERATION  OF  MACHINE  AS  TWO  PHASE  SYNCHRONOUS  MOTOR. 

Two-phase  alternating  current  was  supplied  to  slip  rings  1  & 
4,  and  2  &  6,  from  the  two  4  K.W.   Westinghouse  transformers,  and  in 
order  to  load  the  motor,  the  other  converter  was  driven  as  a  direct 
current  generator,  being  belted  to  the  motor  shaft.       The  motor  was 
started  as  a  direct  current  shunt  motor,  the  connections  used  being 

|«h©wn  in  Plate  3  .       After  ssmchronizing,  a  set  of  readings  was  tak- 
en,     These  are  given  in  Table    4  ,  together  with  the  power  factor, 

'apparent  watts,   inductance  factor  and  idle  watts  calculated  from  the 
observed  data.     Six  different  field  excitations  were  chosen,  for 

jrfc&ch  of  which  readings  were  taken  at  several  loads.        The  smallest 
load  consisted  of  the  generator  u-on  open  circuit.       This  load  was 
increased  by  increments  of  ten  110  volt  incandescent  lamps  each,  the 
field  of  the  motor  remaining  constant. 

From  the  data  in  Table  4     the  curves,  Fig.  20   ,  of  apparent 
watts,  and  true  Watts,  Fig.  21,  both  on  a  field  current  base,  were 

I  plotted.       For  each  one  of  these  curves  of  watts  input,  the  output, 
or  mechanical  load  upon  the  motor  remained  constant.       The  true  watt 

input  for  each  load  increases  with  the  field  excitation,  the  percent 

- 

increase  for  one  ampere  increase  in  field  current  being  shown  in  Fig21 
j;  The  true  watts  curves,  as  before,  are  superimposed,  Fig. 20   ,  upon 
!  the  apparent  watts  curves,  being  drawn  tangent  to  them.       The  points 
of  tangency  determine  the  no-displacement  curve,  which  is  a  straight 
line  for  the  range  of  observations  taken.   It  is  more  nearly  perpen- 
dicular than  any  of  the  others,  either  single  or  two  phase  converter 
or  single  phase  motor.       This  indicates  a  very  slight  armature  reac- 
tion.      The  curves  of  apparent  watts, Fig.  27  ,  are  more  pointed  than 


the  corresponding  set,  Fig.  5   ,  for  the  single  phase  motor,  due  to 
the  smaller  inductive  drop  in  the  armature  in  this  case. 

From  the  curves , Fig.  20 ,     of  apparent  and  true  watts  on  a 
field  current  "base,  are  constructed  the  curves , Fig. 22 ,     of  apparent 
watts  on  true  watts  base.         This  set  is  used     in  getting  those  in 
Fig. 23   »  in  which  each  apparent  watt  curve,  plotted  on  field  exci- 
tation "base,  is  for  constant  true  watts  input.       The  no-displacement 
jpurve  of  this  set  agrees  very  closely  with  that  of  Fig. 20   >  for  con- 
stant output. 

From  Fig. 22     the    power  factor  curves  on  true  watts,  and 
field  excitation  base  have  been  constructed.       These  agree  with  what 
would  be  expected  from  Fig.  23  .       For  over-excited  fields,     the  power 
factor  curves  do  not  fall  off  much  from  unity  with  increased  load,  as 
the  inductive  drop  of  the  armature  causes  the  apparent  watts  curve, Pi 
Fig.  2  s ,  to  flatten  out  towards  those  of  true  watts,  keeping  the 
power  factor  up.     This  same  fact  is  the  cause  of  the  power  factor  • 

i 

curves  on  field  base  base  being  better  large  loads  than  for  small,  as 

■the  power  factor  falls  off  very  rapidly  each  side  of  unity  when  the 

I  • 

inductive  drop  of  the  armature  is  small. 

Fig.  24  ,  constructed  from  Fig.  23  ,  shows  the  power  factor  curves 
on  apparent  watts    "base.       With  1.5  amperes  field,  the  power  factor 
is  seen  to,  stay  near  unity  for  the  whole  range  of  the  load. 

The  idle  watts  curves,  both  on    a  field  current  base, Fig.  27 
and  on  a  true  watts  base, Fig.  26,    have  been  plotted,  using  as  before 
the  graphical  method, Fig.  22    .     Those  on  true  watts  base, Fig.  26  , 
show  th'  t  for  different  field  excitations  the  point  of  zero  idle  watts 
varies  greatly  with  the  load,  moving  away  from  the  origin  as  the 
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field  is  -weakened.       This  is  what  one  would  expect  from  the  no-dis- 
placement curve , Fig.  S3  t  as  it  is  farther  from  the  axis  of  Y  at 
small  loads. 

The  sharp  point  of  the  idle  watts  curves , Fig.  27  ,  on  field  ex- 
citation base,     is  due  to  the  fact  that  the  apparent  watts  increase 
very  rapidly  on  each  side  of  the  no-displacement  curve,  the  true 
watts  input  remaining  constant. 

The  variation  of  the  impressed  A.  C.   volts  with  the  field  cur- 
rent, and    with  the  input  in  true  watts,  is  shown  in  Fig.  28    .  The 
■ 

voltage  is  seen  to  decrease  somewhat  as  the  load  goes  on,  due  to  the 
increased  drop  in  line  and  armature.       The  voltage  is  raised,  as  si 
shown,  by  increasing  the  field  excitation,  which  causes  a  leading 
current  and  a  condenser-like  action. 


Chapter  V. 

OPERATION  AS  A  TWO  PHASE  SYNCHRONOUS  UONVERTFK, 

For  the  operation  of  the  machine  as  a  two  phase  converter, 
power  was  obtained  from  a  50  K.W.  ,  440  volt,  60  cycle  Y.'estinghouse 
two  .phase  generator.     Two  4  K.W.   Westinghouse  transformers,  used  for 
lighting  the  plant  and  tunnel,  were  connected  in  the  circuit  to 
give  the  necessary  reduction  in  voltage  to  110. 

The  output  ofthe  machine  as  a  two  phase  synchronous  converter 
is  greater  than  that  when  used  as  a    single  phase  converter,  the 
armature  losses  being  only  0.^7     of  those  of  the  single  phase.  This 
is  due  to  the  fact  that     the  paths  from  the  slip-rings  through  the 
armature  to  the  commutator  are  shorter. 

The  wiring  diagram  is  shown  in  Plate  4    .       The  Direct  Current 
output  of  the  converter  was  passed  through  a  water  rheostat,  the 
current  being  kept  constant  for  differnet  field  excitations. 

The  apparent  watts  input,  and  true  watts  input,  to  the  same 
scale,  are  plotted  in  Fig.  29  ,  on  a  field  excitation  base.     As  the 
D. C.   output  in  watts  was  not  kept  constant,  due  to  the  changes  in 
voltage,  the  true  watts  input  increase  with  the  field,  as  this 
raises  the  D.  C.   voltage,  and  watts  output.     The  curve  of  no-dis- 
placement, passing  through  the  points  of  tangency  of  the  true  and 
apparent  watts  curves,  inclines  toward  the  axis  of  y  as  the  load  is 
increased.     With  an  excitation  of  1.40  amperes,  the  armature  current 
is  lagging  for  all  loads.     An  excitation  of  1.50  amperes  gives  a 
lagging  armature  current    up  to  4750  watts  input,     after  which  it  is 
leading.     In  the  same  way,  excitations  of  1.70  amperes,  and  over, 
give  a  leading  armature  current.     The  upper  curve,  Fig.30    ,  shows 
the  percentage  increase  in  true  watts  due  to  increasing  the  field 
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excitation    from  1.^0  ampere  'to  2.10.     The  percent  increase  is  de- 
rived as  follows:- 

True  watts  input (2. 10  amp,  field)  -  true  watts  input (1^00  aap^ ) 
True  watts  input ( 1 . 00#ield ) 


=  %  increase,  =  tan  . 

This  shows  a  constant  decrease  in  the  percentage  variation  of  input 
from  zero  to  full  load  output. 

The  curves, Pig. 31   ,  are  obtained  by  plotting  values  of  apparent 
watts,  obtained  from  Fig. 29   ,  on  true  watts  input  base,  for  various 
constant  field  excitations.     The  line  drawn  through  the  origin  at  an 
angle  of  45  degrees,  is  a  line  of  unity  power  factor,  along  which  the 
true  and  apparent  watts  are  equal.     As  the  curves  of  apparent  watts 
approach  tangency  with  this  line,  the  power  factor  increases.  By 
means  of  these  curves,  the  apparent  watts  can  be  found  for  constant 
true  watts  input,  and  various  field  excitations. 

Curves, Pig. 32    ,  obtained  as  in  the  case  of  the  single  phase 
converter,  previously  described,     show  the  apparent  watts  on  field 
excitation  base  and  various  constant  true  watts  input.     These  curves 
are  quite  like  those  in  Fig.29    ,  except  that  the  no-displacement 
curve  is  more  nearly  perpendicular. 

Fig.34   shows    the  idle  watts  on  field  excitation  base,  with 
several  constant  true  watts  inputs.     The  points  of  zero  idle  watts 
correspond  to  points  of  unity  power  factor.       These  idle  watts  curves 
also    show  the  displacement  of  the  zero  point  toward  the  axis  of  Y 
with  increasing  loads.       The  idle  watts  may  be  obtained  in  a.  number 
of  ways,  either  from  the  sine  function  of  the  angle  of  lag  or  lead, 
or  by  the  graphical  method  described  in  the  chapter  on  the  single 
i phase  converter.  • 
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•    -  +hfSC5P  curv-s.Fir.  31  ,  the  idle  watts  for  any  true  watt 
By  means  01   txiese  curveo,ri0.  > 

input,  and  any  field  excitation  may  be  obtained. 

The  idle  watts  are  plotted  in  Fig.  36  ,  on  a  base  of  D.  0.  am- 
peres, for  various  field  excitations.     With  lagging  currents,  the 
idle  watts    decrease  with  an  increasing  load,  and  hence  the  rower 
factor  approaches  unity.  With  leading  currents,  the  opposite  holds. 

The  curves, Fig- 33  ,  show  the  power  factor  on  apparent  watts  basjs. 
The  upper  set  representing    those  with  lagging  currents,    and  the 
lower  set  those  with  leading  currents.      With  a  field  excitation  of 
1.51  amperes,  the  armature  current  is  lagging  up  to  a  load  of  5500 

,»        4_  „v,aHa  with  the  impressed  E.M.F.  ,  and  becomes 
watts,  where  it  is  in  pnase  wiw  i--1- 

leading  for  all  higher  loads. 

The  apparent  and  true  efficiencies  are  shown  in  Fig. 37  ,  on 
D.C.  watts  output  base.     The  apparent  efficiencies  with  field  exci- 
tations varying  between  1.37  and  1.51  amperes  are  the  highest,  while 

for  email  loads,  the  true  efficiency  was  greatest  for  0.98  field, 
afterwards  dropping  off  as  the  load  increased.     At  full  lead,  the  be|t 
efficiency  was  obtained  with  a  field  of  1.51  amperes. 

The  theoretical  ratio  of  the  A.  0.  volts  to  the  D.  C  volts  is 
.707  for  the  two  phase  converter,  but  this  ratio  is  seldom  found  in 
practice,  due  to  various  disturbing  causes,  chief  among  which  is  the 
I  variation  of  the  E.M.F.   from  a  sine  curve,  and  the  drop  in  voltage 
j  through  the  armature.     The  ratio  curves, Fig.  38  ,  on  HH  amperes 
output  base  show  an  increase  in  the  ratio  of  about        from  no  load 
to  full  load,  with  constant  field  excitation. 

'  The  A.C.and  D.  C.   volts  on  field  excitation  base  are  plotted  in 
Fig.  39  ,  and  show  a  variation  of  about  six  percent  with  the  field. 


Chapter  VI.  22 
DPERATION  OF  SYNCHRONOUS  CONVERTER  Y.HKN  SUPPLIED  BY  INVERTED  CONVERTE 

There  being  no  three  phase  source  of  current  available, it 
vas  intended  to    operate  one  of  the  converters  as  an  inverted  con- 
verter.      In  this  way,  direct  current  was  supplied  to  the  inverted 
jonverter  and  three  phase  taken  from  it.       The  three  phase  current 
ras  supplied  to  the  other  machine,  which  was  run  as  a  three  phase 
lynchronous  converter.       Plate  5   shows  the  scheme  for  connecting  up 
;he    machines  and  measuring  instruments. 

The  principal  difficulty  encountered    was  the  problem  of  main- 
lining the  speed  of  the  inverted  converter  constant.       The  speed 
x>uld  remain  fairly  constant  when  no  current  was  supplied  to  the  sya 
hronous  converter,  or  when  •  supplying  current,     the  field  current  of 
ither  machine  was  not  altered.     The  inverted  converter  behaves  much 
he  same  as  a  direct  current  shunt  motor,  and  if,  through  any  cause 
he  quantity  of  magnetic  flux  through  the  armature  be  changed,  the 
peed  will  also  change.     Therefore,  increasing    the  field  current  will 
ause  the  speed  of  the  ..inverted  converter  to  decrease,  while  decreas- 
ing the  field  current  causes  it  to  speed  up. 

If  now,  alternating  current  is  supplied  by  the  inverted  con- 
verter to  the  synchronous  converter,  the  quantity  of  the  magnetic 
flux  passing  through  the  armature  of  the  inverted  converter      may  be 
changed  by  overexci ting,  or  under-exciting  the  fields  of  the  synchron- 
ous converter.     Under-exci tation  of  the    synchronous  converter  field 
causes  an  inductive  load  upon  the  inverted  converter  and  produces  a 
Lagging  current  in  the  armature.       Lagging  currents  react  upon. the 
field  of  the  inverted  converter,  tending  to  demagnetize  it.  This 
bauses  the  inverted  converter  to  speed  up  the  same  as  though  the  field 
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current  had  been  decreased.'    If  the  fields  of  the  synchronous  con- 
verter be    over-excited,  leading  currents  are  produced  in  the  arm- 
ature which  increase  the  magnetic  flux    of  the  inverted  converter, 
land  tend  to  decrease  the  speed.     Without  the  use  of  some  special 

(device,  it  is  therefore  impossible  to  maintain  the  speed    of  the 
converter  constant. 

Serious  difficulty  was  also  caused  through  pumping.  This 
was  aggravated    by  the  use  of  a  spliced  belt  to  drive  the  direct 
current  generator  which  supplied  direct  current  to  the  inverted  con- 
verter. As  the  splice  passed  over  the  pulley  of  the  generator,  the 
ammeter  and  voltmeter  needles    would  give  a  sudden  kick,     the  puls- 
ations having  the  same'  period    as  the  revolutions  of  the  belt.  This 
in  itself  prevented  accurate  reading  of  the  instruments.     For  these 
Reasons,     it  was  found  impracticable  to  operate  the  synchronous  con- 
verter three  phase  from  this  source,  as  was  intended. 

'A  means  of  fixing  the  Frequency  of  Inverted  Converters", 

E.W.&.E.,  Vol.  35, p  507,  7  April,  '00. 


Chapter  VII.  ni 

m 

OPERATION     OF  SYNCHRONOUS  CONVERTER  WHEN  SUPPLIED    BY  ROTARY  PHASE- 
CHANGER. 

To  operate  the  synchronous  converter  three  phase,     the  other 
Converter  was  used  as  a  rotary  phase  changer.     Two  phase  current,  from 
■pie  two  4K.  W.   Westinghouse  transformers  of  the  lighting  system,  was 
supplied  to  slip  rings  1  &  4  and  2  6:  6,  after  synchronizing,  and  three 
phase  current  was  taken  from  slip  rings  1,3  and  5.     Plate  6  shows 
the  wiring  of  the  machine  operating  2-3  phase. 

The  pumping  v:as  very  marked  when  the  machine  was  operated  in 
this  manner.       Because  of  this  feature  no  reliable  readings  of  the  in- 
struments could  he  obtained. 


Chapter  VIII. 
PUMPING  FEATURES. 
Many  details  of  "Pumping"  of  synchronous  motors  and  converters 

have  been  described  in  technical  publications.     A  discussion  of 

a. 

the  causes  which  produce  it  will  not  be  attempted  here. 
Probably  the  most  successful  method  of  preventing  pumping  exists 
in  the  use  of  copper  bridges,  wedged  firmly  between,  and  extending 
slightly  under  adjacent  pole-tips.     In  investigations  along  this 
line  we  tried  the  effect  which  the  following  would  have  on  pumping. 
A,-  separately  exciting  the  fields,  B,-  the  use  of  series  turns  on 
the  fields,  C,-    having  the  converter  belted  to  its  own  exciter. 
Separate  exciting  produced  no  beneficial  result.   However  it  is  pro- 
bable that  if  the  pumping  became  very  serious,  it  would  prevent  the 
converter  falling  out  of  step.   When  the  pumping  is  very  marked,  the 
D.  C.  voltage  and  current  both  vary.     The  worst  condition  observed  ■ 
was  that  in  which  there  was  a    pumping  of  about  two  amperes  and 
four  volts. 

Ten  turns  of  heavy  wire  were  wound  around  each  pole  and 
connected  in  series  with  the  direct  current  side  of  the  machine. 
The  series  coils  were  connected  so  as  to  act  either  with,  or  in  op- 
position to  the  shunt  turns.     This  did  not  decrease  the  pumping.  The 
winding  was  then  short-circuited,  but  produced  no  beneficial  effect. 

The  next  scheme  tried  was  to  belt  to  the  converter  an  excit- 
er, whose  armature  was  in  series  with  another  D.  C.   generator,  the 
intention  being  to  work  the  exciter  with  a  very  weak  field.  Any 
slight  change  in  the  speed  would  then  produce  a  perceptible  change 
in  the  voltage  supplied  by  it.   The  voltage  supplied  by  both  machines 
a,-  E.W.&.S.  ,  April  7  , 1900.  ,H.  '..  Buck. 
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J  supplying  the  exciting  current,  was  kept  constant,  while  their  indi- 
vidual voltages  were  varied  through  quite  a  wide  range.   The  object 
of  this  was  to  operate  the  exciter  at  the  most  sensitive  portion  of 
its  magnetization  curve.     This  arrangement  did  not  decrease  the  pump- 
ing. 

With  regard  <bo  copper  bridges,  it  is  to  be  observed,  that 
unless  they  fit  the  pole-tips  snugly,  they  will  be  of  little  or  no 
service.     A  set  of  four  bridges  was  made  out  of  heavy  coiroer  and 
placed  in  position  between  the  pole-tips.     They  fitted  loosely,  and 
produced  the  result  already  anticipated.       A  good  set  of  bridges 
were  not  made,  owing  to  mechanical  difficulties. 

The  fore-going  results  were  obtained  with  the  machine  operat- 
ed  as  a  single-phase  converter.     When  the  converter  was  operated  two 
phase,  the  pumping  was  much  less,  except  with  heavy  loads,  and  over- 
excited fields.     With  single-phase,  however,  it  was  very  difficult 
to  read    ammeter  and  wattmeter  correctly.  At  about  three-fourths 
load  the  pumping  was  so  marked  that  it  was  impossible  to  obtain  a 
■reading  of  ammeter  or  wattmeter.     The  average  amplitude  of  the  swing 
of  the  ammeter  needle,  in  this  case,  would  equal  or  exceed,  20 
amperes  on  a  0-100  Thompson  ammeter.   Violent  pumping  caused  no  trou- 
ble through  sparking  at  the  commutator.     It  was  found  that  the  pump- 
ing^was  greatest  when  the  converter  was  operated  as  a  single-phase 
motor.     It  was  decidedly  less  when  operated  as  a  single-phase  conver- 
ter.    Operated  as  a  two-phase  motor,  the  Dumping  was    greater  than 
for  a  two-phase  converter,  but  very  much  less  than  in  the  case  of  the 
single-phase  converter.  Representing  the  average  pumping  at  moderate 
load,  and  good  power  factor,  as  single-phase  motor,  by  10,  the  cor- 


responding    values  of  the  pumping  for  the  other  cases,  under  the  same 
load  and  good  power  factor,  would  he:-  Single  phase  converter,  6. 
Two  phase  motor,  2,  and  two  phase  converter  1  1/2.      The  magnitude 
of  the  pumping  was  always  measured  by  the    average  swing  of  the  am- 
meter needle. 

It  was  found  that  under  all  conditions  of  operation,  the 
pumping  was  least  with  unfler-exci ted  fields,  and  increased  with  the 
excitation,  "being  greatest  when  over-excited. 


Chapter  IX.  28 
-COMMUTATOR  DIAGRAMS. 
In    studying  the  action  of  a  direct  current  electric  machine, 
it  is  desirable  to  investigate  the  relative  intensity    in  different 
parts  of  the  field,  or  in  other  words,  the  distribution  of  potential 
around  the  commutator. 

If  a  curve  be  plotted  between  the  various  positions  of  adja- 
cent commutator  segments,  and  the  corresponding  voltages,  it  will 
show  the  voltage  increasing  from  zero  to  a  maximum,  and  then  decreas- 
ing again  to  zero.        Just  when  it  reaches  its  maximum  depends  upon 
the  currents  in  the  armature,  which  affect  the  field  magnetism. 
These  effects  are  different  in  the  same  machine,  operating  as  a  gen- 
erator, motor,  orconverter. 

By  means  of  these  diagrams,  it  is  possible  to  see  at  once  wher& 
to  place  the  brushes  in  order  to  obtain  the  best  results,  as  regards 
sparking,  etc.       They  likewise  show  the  relative  inductive  activity 
of  the  coils  in  different  parts  of  the  field. 

A  number  of  methods  have  been  developed  for  the  purpose  of  ob- 
taining the  distribution  of  potential  around  the  commutator.  The 
!  simplest  two  ,  and  those  frequently  used,  are  called  the  "single" 
br  "pilot"  brush  method,  and  the  "double  brush"  method. 

In  the  single-brush  method,  one  terminal  of  the  voltmeter,  cap- 
able of  measuring  the  total  voltage  of  the  machine,  is  connected  to 
one  of  the  regular  brushes  of  the  machine;  the  other  terminal  is  con- 
nected with  an  auxiliary  brush  which  may  be  shifted  to  various  posit- 
ions around  the  commutator.  The  curve  obtained  by  plotting  the  var- 
ious positions  of  the  brush  as  abscissae,  and  the  corresponding  read- 
ings of  the  voltmeter  as  ordinates,  shows  the  total,  or  integrated 
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potential  abound  the  armature  at  any  point. 

In  the  two  brush  method,  the  terminals  of  the  voltmeter  are 
each  connected  to  an  auxiliary  brush,  by  which  the  potential  differ- 
ence between  any  two  adjacent  segmentsmay  be  obtained.     The  usual 
way  is  to  take  readings  between  adjacent  bars. 

It  was  decided  to  use  the  two  brush  method,  since  the  low  volt- 
ages could  be  read  more  accurately  on  the  instrument  used,  than  the 
higher  values  obtained  by  the  other  method.       The  method  used  for 
holding  the  brushes  in  the  different  positions  was,  that  of  stretch- 
ing a  strip  of  hard  fiber  about  one  eighth  of  an  inch  thick,  and 
one  half  an  inch  wide,  around  the    commutator  so  that  it  was  in  con- 
tact with  about  one  half  of  the  circumference.       Holes  l/l6Ti  in  di- 
ameter ,  and  the  width  of  one  commutator  bar  apart,  were  drilled  in 
the  strip.   Small  r.eices  of  number  fourteen  copper  wire  were  used  as 
brushes. 

It  was  found  that,  owing  to  poor  contact  between  the  crushes 
and  the  co  mutator,  that  the  readings  of  a  directly  connected  volt- 
meter could  not  be  relied  upon.   The  potentiometer  method  was  then  de- 
cided upon,  which,  being  a  zero  method,  was  far  more  accutate.  In 
this  method,  a  rheostat    was  placed  across  the  terminals  of  the  Wes- 
ton Dynamo,  and  the  terminals  of  the  auxiliary  brushes  were  connect- 
ed so  that  they  could  be  placed  across  one  or  more  steps  of  the  rheo- 
stat as  desired.       Thus  a  double  range  of  voltage  was  given,  either 
by  varying  the    number  of  steps  between  the  auxiliary  brush  terminate 
or  by  varying  the  total  resistance  in  the  Weston  circuit.     A  very 
low  reading  voltmeter,  in  series  with  one  of  the  brushes,  determined 
•  the  zero  difference  of  potential  or  balancing-  P<4nt'  


A  second  voltmeter,  connected  directly  across  the  terminals  of  the 
brushes,  read  at  once  the  difference  of  potential  between  the  two 
segments  of  the  commutator.     B#  this  method  the  readings  could  be 
obtained  to  0.01  of  a  volt.     The  speed  and  the  terminal  voltage  were 

|  kept  constant.       Commutator  diagrams  were  taken  with    the  machine 
running  as  a  synchronous  converter,  light  and  loaded,  and  as  a  syn- 
chronous motor,  loaded.   All  these  were  taken  with  unity  power  factor 
and  another  curve  was  taken  for  the  converter  loaded,  and  with  a  poor 
power  factor.       It  was  the  intention  of  the  authors  to  take  diagrams 
of  the  machine,  both  as  a  D.  C.   generator  and  motor,    but  time  did 
not  permit  their  being  taken. 

Since  the  alternating  current  and  direct  current  in  this  type 
of  armature  flow  in  opposite  directions,  there  is  no  croes-magnetis- 
ing  effect  of  the  armature  current.     This  is  shown  by the  same  gen- 

'  eral  form  of  the  diagrams  taken  with  the  machine  running  as  a  conver- 
ter, both  light  and  loaded.     There  is  however,  a  demagnetising  effect 
likewise  shown  by  the  diagrams,  which  is  very  slightly  increased  by 
a  lagging  current  in  the  armature.     The  lagging  current  does  not  ap- 
pear to  distort  the  field  in  any  way. 

The  diagram  of  the  machine  running  as  a  synchronous  motor  shows 
the  effect  of  the  cross-magnetisation  of  the  armature  current,  which 
distorts  the  field  toward  the  trailing  pole-tip.     This      is  the  op- 
posite effect  to  that  produced  by  the  armature  currents  of  a  genera- 
tor. 

Plate  7  shows  a  diagram  of  the  connections  used,  and  Figi 49  gives 
the  curves  plotted  from  the  data  obtained  as  described. 


  Chapter  ti. 

THE  HEATING  OP  AR.1ATUR3  CONDUCTORS. 
The  capacity  of  any  electric  generator  is  limited  by  the 
allowable  heating,  and  by  the  maximum  permissible  field  distor- 
tion.    In  the  case  of  a  synchronous  converter,  the  distortion 
produced  by  armature  reactions  at  heavy  loads  is,  as  shown  by 
commutator  diagrams,  practically  nothing.       This  is  due  to  the 
fact  that  the  alternating  current  and  direct  current  are  flow- 
ing in  opposite  directions  in  the  armature  conductors,  and  there- 
fore neutralize  each  other,  in  regard  to  their  distorting  effects. 
The  only  unbalanced  armature  current,  tending  to  produce  field 
distortion,  and  therefore,  sparking  at  the  commutator,  is  that 
required  to  rotate  the  armature,  which  is,  of  course,  slight.  It 
follows  that  the  output  of  a  synchronous  converter  is  limited  by 
the  allowable  heating,  both  of  the  armature  conductors,  and  of 
the  commutator.     This  latter,  in  the  machine  tested,  was  found  to 
be  considerable,  reaching  a  much  higher  temperature  than  the  arm- 
ature, which  under  all  loads  used,  remained  fairly  cool,  showing 
an  ample  allowance  of  copper  in  the  design  of  the  machine.  In 
both  D.  C.   and  A.  C.  motors  and  generators,  all  the  armature  con- 
ductors are  equally  heated.     This  is  not  the  case,  however,  with 

a  synchronous  converter.     This  has  been  theoretically,  and  math- 

a 

ematically  demonstrated,  showing  that  the  conductors  adjoining 
the  slip-ring  connections  are  heated  much  more  than  those  midway 
between. 

a.  -  E.W.&  E.  , vol.  31, Jan.  1, Feb.  12,1393.  Woodbridge  and  Ghilds. 


This  is  true  for  both  single  and  two-pahase,  although  in  the  two- 
phase,  there  is  a  smaller  difference  than  in  the  single-phase. 
For  single-phase,  the  average  temperature  rise  of  all  the  conduc- 
tors has  "been  found  to  he  higher  than  that  of  the  same  machine, 
used  as  a  D.  G.   generator,  and  lower  in  the  case  of  a  two-phase 
machine.   Taking  the  heating  effect  of  the  machine  when  used  as  a 
D.  C.   generator,  as  100,  for  the  same  load  in  K.  W.  ,  the  heating  of 
a  single-phase  converter  is  118,  and  as  two-phase,  62.  This  is 
with  unity  power  factor.   With  poorer  power  factor,  the  heating  is 

of  course  increased,  the  figures  for  30%  power  factorjbeing  159,  add 

a  I 
about  100  respectively. 

It  would  be  very  desirable  to  see  how  far  these  theo- 
retical results  coincide  with  practice.       We  spent  much  time  on 
the  subject,  only  to  find  that,  with  the  method  used,  the  inherent 
errors  were  so  great  that  the  variation  in  heating  of  the  several 
conductors  co-aid  not  be  determined. 

The  method  used  was  as  follows:-  First,  the  resistance 
between  one  of  the  slip-rings,  and  the  various  commutator  segments 
was  measured  by  the  fall  of  potential  method,  thus  finding  which 
conductors  went  direct  from  the  slip-ring  to  the  commutator  seg- 
ments.  The  commutator  segments  were  then  numbered,  calling  the 
ones  going  direct  to  the  slip-ring  used  in  these  measurements,  one 
and  forty-nine.       The  connections  of  the  five  other  slip-rings 
were  also  traced  out  by  the  same  method. 

a.-.  E.W.&.E.  , vol. 31, Jan. 1, Feb. 12, 1898.     Woodbridge  and  Childs. 


The  machine  was  ran  fully  loaded,  for  a  length  of  time  suffic- 
ient for  a  constant  temperature  to  "be  reached,  and  then  stopped,  in 
order    to  measure,  as  "before,  the  resistance.   It  was  expected  that 
the  increased  resistance,  due  to  the  rise  of  temperature,  would 
thus  be  found,  "but  the  data  obtained  were  not  sufficiently  accur- 
ate to  give  any  reliable  results.   For  these  measurements,  a  direct 
current  of  about  40  amperes  v/as  used,  and  the  difference  of  poten- 
tial measured  by  a  Weston  milli-voltmeter.     The  latter  was  suffic- 
iently sensitive,  but  the  values  obtained  did  not  check,  due  to  er- 
rors caused  by  variable  contacts.     The  connections  used  are  shown 
in  SPlate  8    .     It    was  found  that  the  converter  could  be  brought  up 
to  synchronism  by  sending  the  current  from  one  commutator  brush, 
through  the  armature  to  No.l  Slip-ring,  and  as  this  simplified  the 
necessary  connections,  that  method  of  starting  was  used.     For  this 
test,  one  machine  was  run  from  the  line-shaft  as  a  3-phase  A.  0. 
generator,  to  drive  the  other  machine  as  a  3-phase  synchronous  con- 
verter. 

It  is  likely  that  in  practice,  while  the  heating  effects 
of  the  current  are  as  found  theoretically,  all  of  the  conductors 
assume  the  same,  or  nearly  the  same,  temperature,  due  to  the  high 
thermal  conductivity  of  the  iron  and  copper  of  which  the  armature 
is    built  up. 


Chapter  34 
Conclusion. 

'      some  of  the  general  results  applying  to  this  partioular  machine 

are  the  following :- 

1.  -  The  field  excitation  required  for  hest  power  factor  decreas- 
es as  the  load  increases  when  operated  as  motor  or  converter. 

2.  -  The  ratio  of  the  A.  C.   to  the  D.  C.  volts  decreases  with  in- 
creasing field  excitation,  in  the  two  phase  converter,  the  ratio 
increases  with  the  load,  hut  remains  nearly  constant  when  operated 
single  phase. 

3-  The  pumping  increases  with  increasing  field  excitation,  and 
for  the  same  output  is  less  when  operated  as  a  converter  than  as  a  ■■ 
motor. 

4.-  The  backward  slope  of  the  no-displacement  line  is  less 
when  operated  two  phase  than  when  operated  single  phase.      For  a 
constant  field  excitation  giving  unity  power  factor,  at  half  load, 
a  good  power  factor  is  maintained  at  all  loads  «*»  operating  two 
phase.     There  is  however  a  falling  off  in  the  value  of  the  power 
factor  as  the  load  becomes  very  light.     This  feature  of  maintatining 
a  good  power  factor  does  not  hold  in  the  case  of  the  single  phase 
converter,  and  the  field  excitation  would  require  some  hand  regula- 
tion   where  the  load  is  subjected  to  wifle  variations. 

5.--  The    excita'ion  required  for  unity  power  factor  is 
less  when  operated  two  phase  than    when  operated  single  phase. 

'  6.-  The  no-displacement  curve  appears  to  be" a  straight  line 

from  no  load  to  full  load. 

It  would  be  interesting  to    compare  the  corresponding 
results    when  the  converter  is  operated  three  phase,  with  the  re*.. 


suits  already  obtained.  It  is  to  be  regretted  that  no  suitable 
source  of  three  phase  current  was  obtainable. 
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